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SUMMARY

An investigation was made of the effects of orlentation by multi-
axial stretching on properties of various plastic glazing materials.
The msterials studied were ILucite HC-222 (polymethyl methacrylate),
Plexiglas 55 (modified polymethyl methacrylate), Gafite, and resin C
(polymethyl aslpha-chloroscrylete). The following tests were conducted
on samples of these materials stretched up to 150 percent: Dimensional
stability at elevated temperatures, surface abrasion, standard tensile
tests, and stress-solvent crazing tests using ethylene dichloride.

The results show that (1) the resistance to surface abresion is
decreased, (2) the tensile strength is increased slightly, (3) the
total elongation is greatly increased, and (4} the modulus of elas-
ticity is essentially unchanged by multiaxial stretching. Most of the
meterisls stretched 45 percent or more did not stress craze in the ten-
sile tests. The threshold stress required for stress-solvent crazing
for each material was also greatly increased by stretching. The rela-
tive solvent-crazing resistance in the stretched state of the various
materials investigated was found to be in direct relation to the
solvent-crazing resistance of the unstretched material. Annealing of
the unstretched and the stretched materials increased the resistance to
stress-solvent crazing appreciably.

There is some indication that Poisson's ratio for the stretched
polymethyl methacrylste is greater than that for the unstretched material.

INTRODUCTION

Previous work conducted at the National Bureau of Standards on the
effect of multiaxial stretching on properties of polymethyl-methacrylate
plastic sheet has shown that the resistance to crazing is greatly in-
creased by such orientation (refs. 1 and 2). In addition, work



2 NACA RM 54F22

conducted at the Naval Research ILaborastory and st North American Aviation,
Inc., has shown that the shattering characteristics are also greatly
improved by multlaxial stretching. As a result of this work, development
programs are now under way in commercisl laboratories for the production
of airplane canoples from multiaxially orlented polymethyl methacrylate.

Several new or modified transparent plastics have recently been pro-
duced, offering increased heat resistance and craze resistance. The
pregent investigation was underteken to determine the effects of multi-
axliael stretching on properties of these polymers, in view of the increased
heat resistance they offer.

The authors wish to acknowledge the cooperation of Dr. John F.
Woodman of the Rohm & Haas Co., Inc., and representatives of the
E. I. du Pont de Nemours & Co., Inc., during the course of thils work.
Dr. Saul R. Buc of the General Anlline and Film Corp. and Dr. C. E.
Barnes of Arnold, Hoffman and Co., Inc., American representatives of the
Imperisl Chemicel Industries, Ltd., of England, kindly supplied samples
of their experimental polymers for use in this project. The assistance
of Mlsses Mary K. Mutchler and Martha A. Sherman in performing scme of
the tests is greatly appreciated. The statistical design of the tests
and analysis of the data were supervised by Mr. John Mandel. The inves-
tigation was conducted at NBS under the sponsorship and with the financisl
assistance of the National Advisory Committee for Aeronautics; the help
of thls agency end members of its staff is gratefully acknowledged.

MATERTALS

The following transparent plastics were studied in this investlgstion:

(2) Lucite HC-222 (MIL-P-5425A): Ultraviolet-sbsorbing heat-resistant-
grade polymethyl methacrylate, produced by E. I. du Pont de Nemours & Co.,
Inc. Specimens were tested from two sheets from esch of two batches.

Each sheet was 36 by 48 inches and of nominal 1/4-inch thickness.

(b) Plexiglas 55 (MIL-P-8184): Modified polymethyl-methacrylate
produced by the Rohm & Haas Co. Specimens were tested from two sheets
fram the same batch. Each sheet was originally 48 by T2 inches and each
was cut into four sheets 2k by 36 inches and of nominal 1/4-inch thickmess.

(c) Gafite: Polymethyl alpha-chlorocacrylate made by General Aniline
end Film Corp. The sheets received represent experimentsl material since
this polymer is not yet in commercial production. Specimens were tested
from two sheets, each 36 by 60 inches and approximately 1/3-inch thick.
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(@) Resin C: Polymethyl alpha-chloroscrylate, produced by Imperial
Chemical Industries, Ltd., of England and obtained through the American
representatives, Arnold, Hoffman and Co., Inc. The samples received
represented experimental material. Specimens were tested from two sheets,
each 36 by 48 inches and approximastely 1/L4-inch thick.

APPARATUS AND PROCEDURE

Forming

Experiments were made by heating pleces of the materilals at various
temperatures for various perlods and then attempting to stretch them to
select the optimum conditions for stretching the materials needed for
the evaluation tests. The temperatures were not extended beyond those at
which epparent degradation occurred for each materiel. The apparatus and
the conditions selected are as Pfollows:

Equipment .~ The equipment used for the multiaxial stretching is
described in detail in reference 1. Tt consisted essentially of a flanged
cylindrical vessel, spproximately 12 inches in diameter, open st the top
and having two outlets from the sides, one to vacuum end one to the stmos-
phere. A 1lh-inch-square sheet of the plastic was heated in an air-
circulating oven to the forming temperature, removed, quickly placed over
the top of the vessel, and clamped in place. The vessel was then evac-
uated and the plastic drawn inmto the vessel in the form of a hemisphere.
An inner metal cylinder was inserted into the hemisphere and clamped. in
place, and air was admitted into the vessel. The plastic retracted
around the inner cylinder, roughly forming a top hat. Test specimens
were taken from the 10-inch-dismeter flst top of the formed piece. Tests
described in reference 1 showed that the degree of stretching was uniform
over the area of the flat disk.

Stretching conditions.- The Iucite HC-222 was heated by suspending
the plece to be stretched in the air-circulating oven at 165° ¢ for
30 minutes prior to stretching. The Iucite was stretched 50, 100, and
150 percent.

The Plexigles 55 was heated at 185° C for 30 minutes prior to
stretching and was stretched 45 and 85 percent only. The time of heating
was varied from 15 to 30 minutes and the temperature from 160° to 185° C,
but it was still not possible to stretch this material more than 85 per-
cent with the eguipment used.

The Gafite was heated at 180° C for 30 minutes prior to stretching.
There was no visible degradation of the material at this temperature in
this period. Thermal degradation of polymethyl alpha-chloroacrylste,
as evidenced by bubbling or “"pimpling,"” was a problem.
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The resin C was heated at 180° C for only 15 minutes before
stretching. This abbreviated hesting period was used because bubbles
developed in some specimens when heated at 180° C for 30 minutes.

Methods of Test

The followlng tests were conducted on specimens of the unstretched
and stretched materials: Dimensional stability at elevated temperatures,
reslstence to surface abrasion, standerd tensile, and stress-solvent
crazing. These tests were made at 23° € and SO-percent relstive humid-
ity after the specimens were stored at these conditions for at least
96 hours, unless otherwise specified.

Dimensional stability.- Dimensionsl-stability tests were conducted
to provide thermal-relaxation data and to provide data from which an-
nealing conditlions for the stretched msteriasls could be determined. The
specimens were small lrregular pleces remaining after tensile and abra-
sion specimens were cut from the formed disks and were spproximately

1 by 2% inches in size. Two lines approximately l% inches apart were

scribed on the surface of the specimens with a razor blade and the exact
distance between the lines read to the nearest hundredth of an Inch using
a steel scale graduated in hundredths of an Inch and a magnifying glass.
The speclmens were then laid on a sheet of plate glass and placed in an
alr-circulating oven at the test tempersture. At the end of 2 hours,

the specimens were removed from the oven and allowed to cool for 5 min-
utes, and the distance between the lines was measured. The specimens
were then replaced In the oven and the readings repeated, in most cases,
at the end of 6 hours, 1 day, 2 dsys, and 3 days. Several specimens

were measured after they had coocled toc room temperature, and no signif-
icant difference was found in the measurements made while the speclmens
were hot and after they had completely cooled by the measuring technique
used. Four specimens of each degree of stretch of each material were
tested at each temperature.

Surface abrasion.- The resistance to surface abrasion was deter-
mined for unstretched and stretched masteriamls, following method 1092.1
of reference 3. A Taber sbraser was used with CS-10 Calibrase wheels
and a load of 1,000 grams on each wheel. Haze and light-transmission
measurements were made In accordance with method 3022 of reference 3,
using an Integrating~sphere haze meter. These measurements were made
after 0, 10, 25, 50, 75, 100, 150, 200, and 250 revolutions of the
abrader.

Specimens were cut from the formed disks so that three sbrasion
specimens were obtained from each palr of disks of the same degree of
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stretch, that 1s, two speclmens from one disk and one specimen from the
other. As & result, 12 specimens were prepared for each degree of stretch
for the Lucite and Plexiglas, and six specimens of esch degree of stretch
for the Gafite and resin C.

Standard tensile tests.~ The standard tensile tests were made in
accordance with method 1011 of reference % using the Type 1 specimen.
The tests were conducted on a 2,400-pound Baldwin-Southwark hydraulic
universal testing machine. Iocad-elongation data were recorded graph-
ically using a Southwark-Peters extensometer and recorder. A testing
speed of 0.05 inch per minute was used up to l0-percent elongation at
which point the gage was removed and the speed incressed to spproxi-
mately 0.25 inch per minute. Elongatlons greater than 10 percent were
measured with dividers.

In previous tests, use of the strain gage with tensile specimens
of stretched materisl resulted in s tendency toward premsture failure,
probably caused by the knife edges of the gaege. However, 1t was desir-
able to use the strain gage to obtain load-elongatlon data from which
the tensile modulus of elasticity could be calculeted. Therefore, half
of the specimens of the stretched materlals were tested using the strain
gage and half were tested without the gage. It was observed that, 1f
the gage remained on s specimen of stretched materlal up to 10-percent
elongation, the specimen would indent appreciably in the vicinity of
the gage springs and fail here. To prevent this, the gages were
removed at 2- to 3-percent elongation, still permitting caslculation of
the modulus of elasticity from the load-elongation data obtained.

Two standard tenslle specimens were obtalned from each stretched
disk. Thue 16 unstretched specimens and 8 stretched specimens of each
degree of stretch of the Gafite and resin C, and 32 unstretched speci-
mens and 16 streitched specimens of each degree of stretch of the Lucite
and Plexiglas were tested. .

Stress-solvent crazing tests.- The stress-solvent crazing tests
were conducted using tenslle specimens tapering in width from 0.500 to
0.333 inch over a 3-inch reduced section. Thus for a given applied load
the stress varled over the length of the specimen from a value 8 at
the maximum cross section to 1.5S at the minimum. In conducting the
test, a predetermined load was applied to the specimen, and a solvent-
saturated blotter, backed with a block of polyethylene for rigidity,
wase held against one face of the specimen for 10 seconds. The loed was
removed after 30 seconds, and the stress at the polnt at which crazing
terminated was calculated as the threshold stress for stress-solvent
crazing. For a given material, this stress will usuaslly vary with the
solvent used. Ethylene dichloride was selected for use in these tests
as 1t was desirable to use one solvent for all of the materials and this
solvent would cause gpprecisble crazing on 8ll of the materials to be
tested. )
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Heat treatment.- Half of the unstretched tenslle specimens of each
material were subjected to the same heating cycle and rapid cooling as
that used in stretching to determine the effect of this cycle on the
tensile properties. In addition, half of the unheated and half of the
heated unstretched tenslle specimens as well as half of the stretched
tenslle specimens were annealed prior to testing. Also, one-third of
the abrasion specimens were annealed. The annealing temperature for
each material was selected from the results of the dimensional-stability
tests and was selected as the maximum tempersture at which the stretched
material could be heated for 6 hours with less than 5-percent relaxastion.
The temperatures selected were 90° C for Lucite HC-222, 100° C for
Plexiglas 55, and 110° C for Gafite and resin C. The specimens were
allowed to cool slowly to room temperature in the oven by turning off
the heat and the circulating fan.

Statistical Design

For each test, all of the specimens of a given material were tested
prior to testing the next material. The order of testing of the specimens
for each material in each test was randomized to minimize bias.

In the tenslle tests, for each material and test a simple pooled
measure of precision was calculasted from the variabllity of the replicate
specimens of the same sheet tested for each condition. This stendard
deviation is listed in the tebles of results. The standard error corre-
sponding to any reported average cen be calculated by dividing the stand-
ard deviation by the square root of the number of specimens involved.

The standard error is reported directly for the abrasion results.

RESUITS AND DISCUSSION

Dimensional Stability

The results of the dimensional-stability tests are presented in
tables I to IV. In the tests in which there were large decreases in the
length of the specimens, most of this decrease occurred in the first
2 hours. For each material, the higher the degree of stretching, the
greater was the relaxstion at any temperature. Although the differences
in thickness in specimens of varying degrees of stretching might affect
the extent of relaxation after e short heating period, it is doubtful
that the thickness differences would affect the degree of relaxation
after an extended heating period. In comparing the relaxation behavior
of the various stretched materials at a given temperature, it is observed
that the higher the heat-distortion point, the lower the degree of relax-
ation. Thus for a given degree of stretch at a given temperature, the
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Gafite and resin C, with a heat-distortion poilnt of approximately 130° C,
relaxed the least; the Plexiglas 55, having a heat-distortion point of
approximetely 105° C, relaxed more; and the Lucite HC-222, having a heat-
distortion point of approximately 100° C, relaxed the most.

Surface Abrasion

The results of the surface-abrasion tests are presented in table V.
Values for light transmission and haze before and after abrasion are
tebulated, as well as values for the slope of the initial portion of the
ebrasion curve obtained by plotting "Percent haze" against "Number of
revolutions™ of the Taber abraser. The results obtalned for the annealed
specimens were similar to those obtained for the unannealed specimens so
the data were pooled. The results indicate that the resistance to abra-
sion is decreased by multiaxisl stretching and there is some indication
that this resistance decreases as the degree of stretching increases.
There is fair correlstion between the value for haze after 250 revolutions
and the slope of the abraslon curve as a measure of surface abraslon.

The Gafite and resin C were the most abrasion resistant, the Plexiglas 55
was slightly less resistant, and the Lucite HC-222 was the least resistant.
The materials having the greatest abrasion resistance in the unstretched
state also had the highest resistance when stretched.

Standard Tensile Tests

ILucite HC-222.- The results of the standerd tensile tests on
Iucite HC-222 are shown in table VI. A serles of typical stress-strain
diagrams for unstretched and stretched Lucite HC-222 is presented in
figure 1. The shape of the stress-strain curve is not appreciably altered
by the stretching.

The heating-and-cooling cycle used in the stretching operation did
not affect the tensile strength of the unstretched material. Annealing
resulted in a slight increase in tensile strength of the unstretched and
the stretched materials. In addition, there was a slight increase in
tensile strength on stretching.

The total elongation was not affected by the heeting or annealing
of the unstretched materisl or by snnealing of the stretched material.
The elongation was higher for the stretched materials than for the
unstretched. It is difficult to make any conclusions as to the variation
of elongation with degree of stretching because of the varlability of the
measurements. Several specimens of unstretched masterial were tested with-
out a strain gage to determine if the gage appreciably affected the tensile
strength or the total elongation. No significant différences were found.
There was also no significant difference in the values for total elongation
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of stretched specimens tested with a gage or without a gage, so these
date were pooled.

The secant modulus of elasticity was calculated for the stress
range of O to 2,500 psi. This part of the load-deflection curves was
essentially a straight line. The modulus was not affected by heating
or annealing. There was some indication of a slight increase in modulus
for the highly stretched material. o } -

The stress and the straln at the omset of crazing for the unstretched
materisl were not affected by the various treatments. This crazing
occurred at epproximately 90 percent of the tensile strength. None of
the specimens of the stretched materials crazed in these tests.

Plexiglas 55.~ The results of the standard tensile tests on
Plexiglas 55 are presented in table VII. The stress-strain curves
obtained for the Plexiglas 55 were similar in shape to those obtained
for the Luclte HC-222. As in the case of the Lucite, the heating did
not affect the tensile strength whereas the annesling resulted in an
increase in the tensile strength of the unstretched and the stretched
materials. There was also a slight increase in tensile strength for the
stretched material compared with that of the unstretched.

Heating or annealing of the unstretched msterial or annealing of
the stretched material did not affect the total elongation. Again the
elongation was much higher for the stretched materials than for the
unstretched, but there was no significant variation of elongation of the
gtretched material with degree of stretching.

The modulus of elasticity was not affected by heating or by annealing,
but there was some indication of a slight increase in modulus for the
more highly stretched mesterial.

The stress at which crazing occurred was increased by annealing the
unstretched material. The heating-and-cooling cycle used in stretching
also increased the stress required for crazing. However, there was no.
difference between the annealed specimens and the specimens that were
heated and annealed. Crazing of the unstretched material occurred at
approximately 95 percent of the tensile strength. None of the stretched
specimens crazed. .

Gafite.- All of the standard tenslle specimens of Gafilte were
annealed, and the results of the tensile tests are presented in table VIII.
There was no significant difference in tensile strength of the annealed
and the hested and annealed unstretched specimens. Multlaxial stretching,
however, resulted in & significant increasse in tensile strength.
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The total elongation of the stretched materials was again much
greater than that of the unstretched material. The stretched tensile
specimens that were tested with a strain gage failed at significantly
lower elongations than those without a gage. The elongation data listed
in the table are based on the specimens tested without a gage since these
values would represent the true values.

The secant modulus of elasticity was not affected by the heating or
by stretching.

The increase in the average value for the stress at which crazing
occurs for the heated unstretched specimens over that for the unheated
specimens was not statistically significant. The unstretched specimens
crazed at spproximately 85 percent of the tensile strength. Half of
the tensile specimens of the material stretched 50 percent crazed at
stresses very close to the ultimate strength, and half of the specimens
broke without crazing. None of the more highly stretched specimens
crazed.

Resin C.- The results of the tensile tests of resin C are shown in
table IX. Typical stress-strain diagrams for unstretched and stretched
specimens of this msterial are presented in figure 2. Unlike the Iucite
and Plexiglas, the unstretched resin C falled before reaching a yield
point. The stretched material, however, reached a yield point before
failing, as shown. Similar disgrasms were obtained for Gafite.

Heating or annealing did not affect the tensile strength of the
unstretched materiel. Annealing increased the tensile strength of the
stretched materials, however. The tensile strength of the stretched
materials was appreciably higher than that of the unstretched msterial.

The total elongation of the stretched materilals was also higher than
that of the unstretched material. The elongstion appeared to decrease
as the degree of stretching incressed.

The secant modulus of this materisl was increased slightly by the
multiaxial stretching.

The stress and the strain at which erazing occurred were not
affected by heating or annesling the unstretched materisl, and crazing
occurred at approximstely 82 percent of the ultimate strength. None of
the stretched materials crazed in the tensile tests.

Comparison.- The polymethyl elpha-chlorocacrylate materials had the
highest tensile strengths of the materials tested and showed the largest
increases in tensile strength on stretching. This increase is probably
due to the more polar nature of the molecule. The tensile strength of
the Plexiglas 55 was slightly higher than that of the Lucite HC-222.
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The total elongation of the chloroacrylate materlals was much less than
that of the two methacrylate materials, in both the unstretched and the
stretched states. The modulus of elastlcity was much higher for the
chloroscrylates. The values for the Plexiglas 55 and the Lucite HC-222
were approximstely the same. None of the materials showed a large increase
in modulus on stretching. Crazing occurred at higher stresses in the
chloroacrylete materials than in the methacrylate materials but at a
slightly lower percentage of the ultimete strengbth and at a lower strain.
The Plexiglas 55 crazed at slightly higher stresses than the Lucite HC-222.
In general, the specimens of the stretched materials did not craze in the
standard tenslile tests.

Stress-Solvent Crazing

Lucite HC-222.~ The results of stress-solvent crazing tests, shown
in table VI, indicate that both heating and asnnealing increased the
craze resistance of the unstretched Lucite HC-222. The craze resistance
of the unstretched material was approximstely doubled by heatlng end
annealing and was increased approximately 50 percent by annealing alone.
The resistance to stress-solvent crazing was increased by stretching and
increased as the degree of stretching increased. Annealing increased
the threshold stress of the 50-percent-stretched msterial, but the vari-
ability of the measurements mssked eny effects of annealing for the more
highly stretched materials. It is interesting to note that the threshold
gtress for the unstretched materisl after heating and annealing is slightly
greater than that for the unannealed 50-percent-stretched material.

Plexiglas 55.= The values for threshold stress for stress-solvent
crazing are presemted in table VII for the Plexiglas 55. The crazing
resistance of the unstretched material wes increased approximately
25 percent by annealing. There was also a slight increase in craze
resistance on heating the unstretched material. The threshold stress
for stress-solvent crazing again increased as the degree of stretching
increased end the craze resistance of the stretched material was increased
by annealing. :

Gafite.- The results of the stress-solvent crazing tests obtalned
for Gafite are listed in table VIII. The specimens that were heated and
then cooled rapldly to simulate the stretching cycle warped slightly
when cooled. As & result, the values for threshold crazing stress varied,
depending on whether the solvent was applied to the concave face or the
convex face. The average threshold stress for the concave faces was
2,690 psi and that for the convex faces was 4,460 psi. Thus any slight
curvature introduced into the sheets produces a marked effect on the
crazing behavior. For the unstretched specimens that were not heated,
the resistance to crazing was increased by annealing. The threshold
gtress for stress-solvent crazing increased greatly as the degree of
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stretching Iincreased. 1In fact, half of the 150-percent-stretched spec-
imens did not craze at stresses greater than 90 percent of the tensile
strength. Annealing markedly improved the craze resistance of the
stretched materisals.

Resin C.- The stress-solvent crazing data for resin C are presented
in table IX. The heating cycle increased the threshold stress for stress-
solvent crazing appreclably for the unstretched material. Annealing
increased the craze resistance of the unstretched specimens that were
not heated but had little effect on the specimensg that were heated.
Resistance to crazing increased greatly with stretching and none of the
150-percent-stretched specimens crazed at stresses of approximstely
95 percent of the tensile strength. Annealing increased the craze
resistance of the 50- and the 100-percent-stretched materiels.

Comparison.- Multiaxial stretching merkedly increased the threshold
stress for stress-solvent crazing for all of the materials tested. This
threshold stress increased for each material as the degree of stretching
increased. The ILuclte HC-222 showed the least resistance to stress-
solvent crazing with ethylene dichloride compared with the other materials
tested. This was true for the unstretched state as well as for the
stretched. The Plexiglas 55 was next best in craze resistance and was
considerably better than Iucite HC-222. In fact, the 45-percent-stretched
Plexiglas 55 was more craze resistent than the i50-percent-stretched
Lucite HC-222. The chloroacrylate meterials were by far the most resist-
ant to stress-solvent crazing with ethylene dichloride. The threshold
stress for the heated unstretched resin C was approximstely the same as
that for the 150-percent-stretched Iucite HC-222, and the threshold stress
for the 50-percent-stretched resin C was greater than that for the
85-percent-stretched Plexiglas 55. For these four transparent plastics,
those which had the higher craze resistance 1in the unstretched state
also had the higher craze resistance 1n the stretched state.

Effect of Annealing and of Hesbting

The effects of heating and of annealing of the test specimens were
not completely consistent for all of the materials tested. For the
unstretched materials, the heating end rapid cooling did not significantly
affect the tensile strength of any of the materisls. Annealing the
unstretched specimens increased the tensile strength of the heated and
unhested Iucite HC-222 and Plexiglas 55. Annealing the stretched spec-
imens resulted in increased tensile strengths in every case.

The stress at which crazing occurred in the standard tensile tests
was not significantly affected by annealing or by the heating cycle
except for the Plexiglas 55. In this case, annealing Iincreased the stress
required as did the heating cycle alone, but there was no dlfference
between the annealed specimens and the specimens that were heated and
annealed.
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The threshold stress for stress-solvent crazing was Ilncreased by
heating and by annealing the unstretched specimens of all four materials.
The threshold stress was also increased by annealing the stretched spec-
imens of all four materials except Luclte BC-222. The threshold stress
for the 50-percent-stretched Lucite HC-222 specimens was increased by
annealing, but there was no significant effect for the more highly
stretched specimens of this material.

Annealing 3id not affect the surface-abrasion resistance of the
stretched materials. It was thought that the annealing might relieve
some of the residual stresses in the stretched material, resulting in
ebrasion resistance comparable with that of the unstretched material.
The results show that this did not occur.

Ammealing of the stretched specimens resulted in some relaxation
of the stretching, corresponding to the values reported in tables I to IV.
As a result of this decrease in degree of stretching, decreased resistance
to crazing and decreased tensile strength might be expected. However,
the effect of annealing was large enough to compensate for this decreased
degree of stretching.

Tensile Tests at Low Testing Speeds

In the previous investigations conducted on stretched polymethyl
methacrylate, very little increase in tensile strength was observed for
the stretched materials over the unstretched. However, there was &
marked decrease in the cross section of tensile specimens of the atretched
material prior to fallure because of the high elongations, whereas the
unstretched material broke at low strains with little change in cross
section. Thus the true stress gt failure was probably much greater for
the stretched specimens then that baseéd on the original area.

Therefore several tests were conducted in this investigation on
specimens of stretched Lucite BC-222 and Plexiglas 55 without increasing
the speed of testing when the elongation reached 10 percent. A speed of
0.05 inch per minute was used up to failure. At this low speed, measure-
ments could be made OF the width and thickness of the specimen at various
elongations. From these data, the true stress at various strains could
be calculsted and the effect on the tenslle properties of increasing the
speed of testing could be determined. Since most of the specimens of the
stretched chloroacrylate materisls broke at elongations of 20 percent or
less with little decreasge in cross section, no measurements of this type
were made on these specimens. :

In these tests on Lucite HC-222 and Plexiglas 55, the width and
thickness of the test specimen were measured with micrometer calipers
to the nearest thousandth of an inch, starting at 1lO-percent elongation
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and continuing at intervals of 1lO-percent elongation untlil failure. The
load was observed at each reading.

The average values obtained in these tests are shown in table X.
Typical true stress-strain dlasgrams for the stretched Lucite HC-222 and
Plexiglas 55 are shown in figures 3 to 6. The results show that the
true stress at the yleld point 1s approximately 10 percent greater than
the tensile strength which 1is based on the originsl area. The materials
with the highest tensile strength did not have the highest true stress
at failure., The 50-percent-stretched materials, whlch elongated the
most and thus decreased the most in area, had the highest wvalues for
true stress at failure. That is, for each materlal, the true stress at
Tailure was relsated to the total elongation. The true stress at fallure
varied from spproximately 25 percent to 50 percent greater than the
tensile strength.

From the measurements made in the sbove tests of the changes in
dimensions of the tensile specimens of the stretched materials, it was
possible to calculate valuesgs for Poisson's ratio. This is the ratio of
the fraction change In the lateral dimension to the fraction change in
length. These values were calculsted from changes 1n width and changes
in thickness for each specimen, starting at 10 percent elongetion, at
intervals of 10 percent elongation to fallure.

The results show that Poisson's ratio is initially approximately O.4
to 0.5 and decreases to approximetely 0.3 to 0.4t as the elongation
increases. The reported value for Polsson's ratlo for umstretched
Plexigias II is 0.35. It will be necessary to refine the technigue used
in making these measurements on stretched material to establish quanti-
tative relationships. Stang, Greenspan, and Newman (ref. 3) showed that
for 24S-T aluminum-alloy sheet, 24S-RT aluminum alloy, and chrome-
molybdenum steel, Poisson's ratio increases, reaches a maximum, and then
decreases as the axial sgtrain increases. This behavior was shown to be
quelitatively the same as that for an ideasl case of no plastic dilatation
in an isotropilic materisl.

Appearance of Crazed Speclmens

The stress crazing of Lucite HC-222 was apparent as a rather uniform
blushing of the surface, common for polymethyl methacrylate. The crazing
of Plexiglas 55, although not nearly so uniform nor so dense, slso appeared
on the surface only. The stress crazing of the polymethyl alphsa-
chloroacrylate specimens was rather uniform and guite dense and was appar-
ent in the interior of the specimens as well as on the surface. This was
true for both the Gafite and the resin C. The effect shown in figure 7
is typical of that observed for sll the chlorcacrylate specimens which
had been subjected to each of the hesting and annealing tregtments.

Further study will be made of the nature of this crazing.
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The stress-solvent-crazed specimens were similar in appearance to
those tested in the previcus investigations. The craze cracks of the
stretched materials were finer and more numerous than for the unstretched
meterisls. For each material, the cracks became finer as the degree of
stretching increased.

Fracture Behavior

The fracture surfaces of the unstretched Iuclte HC-222 and
Plexiglas 55 specimens were flat and relatively smooth and were perpen-
dicular to the cast faces. A smooth mirrorlike aree was apparent on
each fracture surface and was probably the point at which fracture initi-
ated. This behavior has been discussed in previous reports (refs. 1
and 2). The fracture surfaces of the polymethyl alpha-chloroacrylate
specimens were very rough and uneven and usually slightly rounded.
Numerous small pleces broke out of the fracture surfaces of the chloro-
acrylate specimens at fallure. It was very difficult to detect a mirror-
like area on most of these specimens. Examples of the fracture surfaces
are shown in figure 8.

Secondary fractures occurred in numerous chlorocacrylate tensile
specimens. Most of these fractures occurred in the portion of the spec-
imen in the tensile grips and are probably related to the stresses caused
by the grips. However, in some cases multiple fractures occurred in the
reduced portion of the chloroacrylate tensile specimens. A few of the
Plexiglas 55 specimens had secondary fractures in the temsile grips, but
there were none in the Lucite EC-222 specimens. Miklowitz (ref. 5) has
reported secondary fractures for Plexiglas I-A and attributed this
secondary failure to the superposition of the longitudinal strain and
the resultant flexural strain, which together total more than the orig-
inal static tensile fracture strain.

The fracture surfaces of the stretched materials showed the same
leminsr structure observed in the previous investigations of polymethyl
methacrylate (refs. 1 and 2). This structure is probably due to the
orientation of the molecule chains in lsyers parallel to the plane of
the sheet. The higher the degree of stretching, the more apparent was
this layerlike orientation. In many cases, & triangular-shaped plece
split out of a tensile specimen of stretched material at the point of
failure. This phencmenon, shown in figure 8, probably represents a
combination of tensile fallure end shear failure.

CONCLUSIONS

Tests were conducted to determine the effects of multiaxial
stretching on various properties of several new transparent plastics.
As a result of this study, the following conclusions can be made:
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1. Polymethyl alpha-chloroacrylate can be multiaxially stretched at
least 150 percent, whereas Plexiglas 55 (modified polymethyl methacrylate)
cannot be stretched more than 85 percent with the apparatus used.

2. The stretched materials will relax gradually if heated to a high
enough temperature. The higher the hest-distortion point of the uustretched
material, the lower is the extent of relaxation of the stretched material
at any given temperature within the range investigated. For any material,
the higher the degree of stretchlng, the greater is the extent of relax-
ation at a given temperature. Most of the relaxatlon occcurs in the first
2 hours.

3. Multisxial stretching causes the following genersl effects in the
transparent plastics studied:

éa) A decrease 1n the resistance to surface abrasion.
b) A slight increase in tensile strength.

(e) A large increase in total elongation.

(d) Little effect on the tensile modulus of elasticity.

(e) Large increases in resistance to stress crazing and to stress-
solvent crazing. This resistance increases with increasing degrees of
stretching.

L. Annealing increases the tensile strength of the stretched mate-
rials slightly and has the same effect for some of the unstretched mate-
rials. The resistance of both unstretched and stretched materials to
stress-solvent crazing is usually increassed markedly by annealing. How-
ever, the stress crazing behavior of the unstretched materiasls i1s not
affected by ennealing in most cases. Resistance of the streiched mate~
riasls to surface sbrasion is not affected by annealing.

5. There 1s same indication that Poisson's ratlo for the stretched
polymethyl methacrylate is greater than that for the unstretched material.

Natlional Bureau of Standards,
Washington, D. C.



16

3.

L.

5.

NACA RM S54F22
REFERENCES

Axilrod, B. M., Shermsn, M. A., Cohen, V., and Wolock, I.: Effects
of Moderate Blaxial Stretch-Forming on Tensile and Crazing Properties
of Acrylic Plastic Glazlng. NACA T™ 2779, 1952; also, Modern
Plastics, vol. 30, no. 4, Dec. 1952, pp. 117-124, 182-184.

Wolock, I., Axlilrod, B. M., and Sherman, M. A.: Effects of High
Degrees of Blaxlsl Stretch-Forming on Crazing and Other Properties
of Acrylic Plastic Glazing. NACA RM 53D1k, 1953; also, Modern
Plastics, vol. 31, no. 1, Sept. 1953, pp. 128-134, 204-208.

Federal Specification L-P-4L0O6b: Plastics, Organic: General Specifi-
cation, Test Methods. Federal Standard Stock Catalog, sec. IV,
pt. 5, Sept. 27, 1951.

Stang, Ambrose H., Greenspan, Martin, and Newman, Sanford B.:
Poisson's Ratlo of Some Structural Alloys for Large Strains. Res.
Paper RP1742, Jour. Res., Nat. Bur. Standards, vol. 37, no. 4,
Oct. 1946, pp. 211-221.

Miklowltz, Julius: ZElastic Waves Created During Tensile Fracture.
Jour., Appl. Mech., vol. 20, no. 1, Mar. 1955, pp. 122-130.



3W

NACA RM 5hF22

TABLE I.- DIMENSIONAL STABILITY OF LUCITE HC-222

EAll results are the aversge for four specimené]

iT

Multiaxial stretch, percent

Tempeggture, Time
0 50 100 150
Decrease in length, percent
80 2 hr 0 0.1 0.5 0.8
6 hr o] 1 b .9
1l day 0 2 T 1.1
3 days o .2 1.0 1.1
S0 2 hr (o] 1.2 1.9 2.5
6 hr 0] 1.3 1.9 2.6
1 day 0 1.6 2.4 3.0
3 days 0 1.5 2.6 3.5
100 2 hr o] 8.8 15.6 17.5
6 hr o} 12.1 15.1 20.2
1 day (o] 15.0 22.9 25.7
2 days 0 - 15.8 2h.2 28.0
3 days 0 16.1 2h.6 28.6
6 days 0] 16.4 25.3 29.7
Average initial thickmess, in.
0.26 0.10 0.06 0.0h4
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TABLE II.- DIMENSIONAI. STABILITY OF PLEXIGLAS 55

E‘All results are the average for four specimens]

Multisxlal stretch, percent
Tempegg.ture, Time :
0 45 8
Decrease in length, percent
90 2 hr 0 0.4 0.8
6 hr 0 .6 1.0
1 day 0. .8 1.0
2 days .1 1.0 1.1
3 days .1 9 1.1
100 2 hr 0 1.% 1.6
6 hr 0 1.3 1.9
1 day .2 1.5 .21
2 dasys .2 1.5 1.9
3 days .2 1.5 2.1
110 2 hr (0] 10.2 13.0
6 hr 0 11.7 bk
1 day .2 13.4 15.%
2 days .3 15.5 15.8
3 days . .3 13.9 16.1
Average initial thickness, in.
0.25 0.12 0.07
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TABLE IIT.- DIMENSIONAY: STABILITY OF GAFITE
[All results for stretched material are the average
for four specimens; for unstretched material, the
average for two specimens]
Multiaxial stretch, percent
Temperature, Time
°c 0 50 100 150
Decrease in length, percent
110 2 hr o 0.2 0.k 1.8
6 hr o} .3 -7 1.8
1 day 0 5 .8 2.3
2 days .3 .6 .8 2.3
3 days 0 ) 1.2 2.0
b days (o] .5 1.2 2.0
120 2 hr o 1.3 3.6 L.o
6 hr 0 1.5 ' 4.8
1 dasy o} 1.9 .k 5.1
2 days 0 1.9 k.8 5.2
3 days o 1.9 5.0 5.5
130 2 hr T 21.0 36.7 43.8
6 hr 1.0 27.8 437 50.5
1 day 2.0 35.0 52.3 61.6
2 days 2.3 35.1 52.6 61.8
3 days 1.7 35.0 52.5 62.1
Averasge inltial thickness, in.
0.33 0.1 0.07 0.05
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TABLE IV.- DIMENSIONAYL. STABILITY OF RESIN C

@Jl results are the average for four specbmenﬂ

Multiaxial stretch, percent
Temperature, T4m
OC e
0 50 100 150
Decrease in length, percent
110 2 hr c.1 0.4 1.0 1.1
6 hr 0 A .8 .9
1l dsy 0 .8 .9 1.2
2 days o] .6 .9 1.2
3 deys .1 .9 1.1 1.3
120 2 hr .2 2.0 3.2 .1
6 hr .1 2.6 3.6 .1
1l day .1 2.7 3.7 b b
2 days .1 3.0 b2 4.6
3 days nn 3.4 4.2 5.0
130 2 hr 1.k 32.2 45.0 51.5
6 hr 1.4 3h.3 47.8 55.5
1 day 1.9 35.8 k9.5 58.8
2 days 1.6 35.9 50.4 59.1
3 days 2.2 36.2 50.8 59.7
Average initial thiclmess, in.
o.27 0.10 0.06 0.04
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TABLE V.- EFFECT OF MULITAXIAY, BTRETCHING ON SURFACE ABRASION

OF TRANSPARENT PTASTICS AT 239 C
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Material

Lucite H0-222P

21

bPaverage for 12 specimens unless ctherwise noted, plus or minus stendard error.
verange for six specimens unless otherwise noted, plus or minus standard error.

8Finnl measurements were mede after 250 revolutions.
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TARLE YI.- RFFICT OF MULITALTAL OFRETCEING CN TESAILE AND CRAZING PROEWATIES
O DTS AC-222 [POLYMETHYL METEACEYIATE) AT 23° 0

[mumcmuchmwpmmmuwmummnmumtham
. for sight Fpecimens wnless ctharwise notod]

Tanwils Total Seoant Btress and strain st coset of crezing Sclvent-
Prentment strehgth, elangetion, rofulxs, ::;1‘5
oa, - akiny pal Stress, Bo, Btrain, 80 i
pel pal paraent Em L
{a) o) fe)
Unstretened
Wono 49,720 ;_2.4 .6 % 15 29,070 2.5 0.95 510
Aznenlsd , 120 .8 Dy b 85,150 & .90 fl,m
Beated By, 530 bg.1 4.5 B,gg 43,2 92 1,
Hsated + anbealod ,01D 8.0 .3 B,/ 830 . £1,8%
Srandard deviation® 230 1.2 .1 %10 .2 W0
Stretched 30 percant
Tnsxmealed 9,730 day b3 x 100 M4 not arazé £1,660
Amozled 10,310 LT By .o DA not arace 2,218
Frandard davistionl 200 ) 1 170
Btretched 100 percent
Tpammealed 10,100 dzr By, 7 x 10 DId nat evmxe 2,710
Anasaled 10,5% & .9 Did nab srmzs 2,350
Standard davistiond 1o n .8 380
Btretohed 150 percent
Unanneslsd 10 1 5,0 x 107 Did not oraze £5,910
Amaaled lo:gjrg h32 1‘5.0 A ot cruze s
Btealard devietion! £10 8 3 520

Binrealing refers to beating at 90° C for 6 hoars snd cooling slowly. Beatirg refers to heating at 165° C for 50 mirartes followsd

by rapdd ccoling in alr.

ot modnlus of elastioity ms caloulated for stress rangs of 0 to 2,500 pal.

Egolvant-crasing stress is minlmm stress required to cause crazing wpen
:mﬂﬂnmm.

of four specimens.
devistion was oxiculstad for emoh proporty by pooling verisbility of replicate specimens of sanh sheet for oach condition.

application of solvent, KEthylsne dlahloride was salvent used.
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TABLE VIT.- EFFECT OF MULFTAXTAL STHNICHING ON YERSILE AND CRAGING PROFERTTES

OF PIEKTGLAS 5% {MODIFIED POIYMETHYT MEYHACEYLATR) AT 25° ¢

[!entu were confuctod at 25° ¢ mnd 50-parcent relative mddity; a:li. remlts

ars tha aversge for eight wpeocinons unless ctharvise noted

S3dans W VOVM

Tensila Total B t Stress spd strain at coset of crwxing Bolvent-
atrength, eraxing
Treetuant e, 4 elongatian, mgibu, Stress, Ba, Btrain, E stress,
el parcent pei peraant i
(e) )] f:)
Tnatratohed,
None 10,640 6.7 4.8 % 109 9,580 3. 0.94 2,h20
Armasled 10,780 6.7 4.6 5160 L.o 95 5,180
Heated 430,150 4.9 L7 , 850 4.0 108 2,670
Heated + amealnd 40,715 4.7 k.6 430,050 4.0 B 3,020
Btaniad deviation® 8o 1.3 1 180 3 160
Btretabed 45 percent
Unaurealsd 19,660 e 6.8 % 107 Did not craxe k,
Amasiad 11,330 a3 8 Did not craze 5,160
Shandard deviaticn® 130 9 oL
Htretchod 85 parcent
Unsunsalsd 10,590 Ty 1% 108 DA not cvmse 5,650
Annepled 11,610 It .5 {4 not creze 6,540
Btaniand deviation® P10 ¥ .2 ' . 300

®Annanling refers to beating ab 100° € for § hours and oooling slowly. Haating refers to besting at 165° ¢ for 30 mimites
by rapid cooling in «dr.
ant modulus of elastloily was caloulated fox stress rangs of 0 to 2,500 pad. ’
®Balyent-oraxing strase is mimiwmm stress required to cause crazing upon application of solvent, Kthylana dichlorida was
used in these tosts. .
‘Avexrpga of seven spacimens.
Chtandad devistion ¥as ealoulnted for each property by pooling varlability of replicate specimems of each sheat for each condition,
fiverags of six speoimens,
Epvarage of four spealmens.
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ARTE VITI.- EFFECT (F MIIFTACTAL STREICHING Of TEMSILE AND CRAZING PROFERTIES
OF GAPTTE (POLYMEPEY], ATPHA-UHLORONHYLATE) AT 25° C

[Reats waro contuctsd at 259 € and J0-percent Telativa haddity; reslts
are the average for alght specimons minss cthervise

!lnl:l.la' otal Bacant Btress axd strain at onset of crwsing ﬁm-
Trewtmnt B, "cmmm’ aodalem, Btreas, Ba, Strain, Be m-u:
psl pel i parcant . pel
(n} {b) {e)
T tretohad
Xae e — —— — - S22
Jonealed, 16,060 5.0 1.7 % 107 13,510 2.5 0.8 2,080
Boeted + somealed 16 3.5 7.k 1k,180 2.6 .88
Standard dsvistion® 1,050 - 35 &0 2 120
Btratehed 50 peroert
Tonvnealed, — ——— - — —— —— h,060
kmealsd 18,730 4 47.8 x 10° Byp, 0 .6 6,820
Stantard A=yintion® 1% ] .8 360 K 00
Stretched 100 pergemt
Ozarmealed —— —— —— — — —_ 8,940
Amealed 18,740 43 a7.6 x 107 THA not erase 1,130
Btandard deviaiionk 710 2 & 1,170
Bitretahed 150 percent
Tomomesled JES— [ — N —— 115 100
Mnnealsd 19,170 P 49,8 x 107 DA not arase 7110
Standsrd devimtion® 110 3 T 1,520

rap

'muummmgﬂwcmnnmmmm. Tewting refors to hewting at 150° C for 30 minates followsd by
cooling in xIv.
t sofnlus of elasticity was oaloulated for strwss range of 0 to 2,500 psi.
%50l yent-craxing stress 1s mipimm stress Tequired to csuse crasing upon spplicsticm of solvemt. Ethyless dichlcride vas ussed in these tests.
:m:fmm.
KveTags pevEn apacimars .
Kverage of threa spscimess.
E3tandard dsviation was caloalatsd for emch mroparty hy pooling varisbility of replicate specioms of sach sheet forr emch ocoodition.
Dyour specimens crased st the xverage strass and straln listsd. Four speaineus 314 nét moets.
13psult forr cos Npecimen, Tvo specimans A1d not Qress at A Avarsge Stzess f LT,460 pai.
diverage for two specimans. Two specimera di4 not oraze &t mu sverags stress of 17,200 ped.

e
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TABLX IX.- FIFECT OF MODPTAXTAL EUSCETCHTNG (N TERJIX AND CRAETRG PACEIRTTES
OF BESTN C (POLXMETHYL ATYHA-CHIOROMEYLAYE) AT 23° 8

[T tests ware conducted at 25° 0 api %0-percent relstive hesidity) mll results
mttnmrurrmrlmmtmlulothﬂinmud]

ZeIhG WH YOVN

Btress and straln at onsot of araxing
ﬁnlilﬂ‘ Wotal B : Bolvoot-
Tresimsr wt h’m’ elongation, m;:im, Btrean, 8, fitrmin, 8o m”“m”,
el Porcent el percent B 15-1
() (b) a)
Unstrobchod
Nene 16,170 51 T4 15,300 2,2 0.8 2,0m0
Ameated 16,450 51 a5 13,380 ta2 6 5,410
Heatad 16,080 ot Te3 15,300 2,3 E 4010
Hested + ameelsd 15,910 5.0 &2 15,290 9,3 ,
Btandard devistion® 500 W1 W1 ko 1 110
Bitzetahe] %0 parosnt
Tnannasled 17,720 Loy 1.6 Did not apess 6,430
Amnoalad s 31 216 i not orese 7,500
Btandard deviation? LAT] 1 .2 10
Stretahed 100 parosmt
Thnarnealsd 18,510 Ty .0 Did not erase 12
kmealed 19,180 T2 fr.9 D44 ot oraze B:g
Ftandard devistion® 320 L 5 300
Biretchad 150 perosnt
Thhamesled 18,510 I 8.0 M4, oot creae >18,1%0
Ammanled a19,040 —— 8.3 M4, not oraze 17,820
#tanderd dgyistlon® 90 3 6 470

Sinnealing refers to besting st 110° C for § hours mal sooling slowly. Bewiing refmrs to haxting at 180° 0 for 15 simtes followsd by
rapdd oooling in mir,
o gecant molulns of elssiicity vas oalenletad for the sivess range of O to £,%500 pai.
%llnlvmt-umhgntrenhm“m“mimhmamgnpmmuuﬁmotlolmt. Ethylana dichloride wwe used
in u testa.
of thres speciwans.
deyistion was oeloulstad for each property by pooling varishility of raplicata wpecimens of ssoh sheat for emch oanHitiom,
fhu-puftmnpn!-m.




TABLE X.- TENSIIE PROPERTIES OF MULITAXTALIY STRETCHED ACRYLIC PLASTICS

Material M:i:i:ii?} Nhgger Eiugaiiing eloEZZ:ion, siizﬁéii, S;:iizr:f
percent gpecimens ?:ﬁ pefzgnt ?g% ?g%
Lucite HC-222 50 5 15,330 68 9,970 9,040
100 5 k4,430 50 10,230 9,900
150 L 13,820 36 10,640 10,600
Plexiglss 55 45 4 15,500 51 11,070 9,720
85 4 14,520 38 11,320 10,560

8@These data were obtained 1n tests conducted at a testing speed of 0.05 1n./mdn

to failure.

True strees is based on cross-gectionel ares at fallure.

DThege data were obtained in tests conducted at a testing speed of 0.05 in./min
to 10-percent elongstion, at which point the speed was increased to 0.25 in./min.
Stress ile hased on orlglinel cross-sectlional area.
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Figure 1.~ Biress-strain diagrama of Iucite HC-222 (polymethyl methacrylate).
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Figure 2.- Stress-strain diagrams of resin C (polymethyl alpha-chloroacrylate).
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TRUE TENSILE STRESS, PSI
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Figure 3.- 8tress-strain dlsgram of Lucite HC-222 (polymethyl methacrylate),
multiaxially stretched 50 percent.
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TRUE TENSILE STRESS,
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Figure b4.- Stress-strain dlegram of Lucite HC-222 (polymethyl methacrylste),

multiaxially stretched 150 percent.
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TRUE TENSILE STRESS, PSI
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Figura 5.- Btress-straip diagram of Plexiglas 55 (modified polymethyl
methacrylate), multisxially stretched 45 percent.
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L-8

676
Figure 7T.- Stress-crezed specimens of Lucite HC-222 (polymethyl methacry?a.‘i?e)
and resin C (polymethyl alpha-chloroacrylate), Note internal crazing
spparent in side view (second specimen) of polymethyl alpha-chlorcacrylate
but not in side view (second specimen) of polymethyl methacrylate.

cedhs W VOV

14




NACA RM SLF22

L-8567
Figure 8.- Fracture surfaces of unstretched and stretched Lucite HC-222

(polymethyl methacrylate) and resin C (polymethyl alpha-chloroacrylate)
(A) unstretched polymethyl methacrylate; (B) unstretched polymethyl
alpha-chloroacrylate; (C) modified polymethyl methacrylate stretched
45 percent; (D) polymethyl slpha-chloroacrylate stretched 100 percent.
Note third piece (turned over) broken out of specimen C. Specimen D

broke into two pleces only (top piece is turned over).
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